OBJECTIVES: Rapid-deployment aortic valve replacement (RD-AVR) potentially reduces procedure times providing excellent haemodynamic results compared to standard tissue aortic valve replacement. However, concerns have been raised regarding higher rates of postoperative pacemaker (PPM) requirement compared to standard aortic valve replacement. In this study, we sought to determine the PPM rate and its potential risk factors in RD-AVR patients. Between 2011 and 2017, 193 patients underwent RD-AVR. The main outcome investigated was PPM. Other outcome parameters included hospital mortality, major morbidity, length of stay and discharge condition. Predictors of PPM were determined using multivariable regression models.
INTRODUCTION
Aortic valve replacement (AVR) is the treatment of choice in patients with severe aortic valve stenosis performed by conventional surgery or by transvascular/transapical access [transcatheter aortic valve replacement (TAVR)] [1] . Conventional AVR has advantages compared to TAVR including controlled decalcification of the aortic annulus and safe valve positioning under direct vision and therefore remains the standard of care in most instances, particularly in younger patients, patients with intermediate or low-risk profile and for patients requiring combined cardiac procedures [1] . However, surgical implantation of standard tissue valves requires cardiopulmonary bypass (CPB) and aortic cross-clamping (ACC), leading to myocardial ischaemia and adverse side effects of the heart-lung machine. A new generation of bioprostheses, based on expendable stents and designed to be placed without extensive suturing, allows rapiddeployment aortic valve replacement (RD-AVR) potentially leading to shorter ACC and CPB times and, thus, lower complications rates, shorter hospital stays and similar survival rates, as compared to conventional AVR [2] . Furthermore, the utilization of larger valve sizes may be possible due to implantation technique with the avoidance of pledges in the outflow tract and the radial forces of the expendable stents may reshape and widen the left ventricular outflow tract potentially leading to better haemodynamics compared to standard AVR [3] . However, concerns have been raised regarding higher rates of postoperative pacemaker (PPM) requirement compared to standard AVR [4, 5] .
In this study, we sought to determine the risk factors for the development of conductance disturbances requiring PPM following RD-AVR in a consecutive cohort of RD-AVR patients. In addition, we analysed operative outcomes and haemodynamic performance in these patients.
MATERIALS AND METHODS

Study population
The study was designed as a retrospective single-arm nonrandomized analysis of an RD-AVR cohort from a single centre. From January 2011 to April 2017, a total of 193 patients underwent RD-AVR for aortic valve stenosis with the Edwards Intuity V R valve system. Decision for RD-AVR was based on the surgeon's preference and individual patient's characteristics. Since RD-AVR potentially reduces procedure times, RD-AVR was predominately chosen in patients undergoing combined procedures.
Valve design
The Edwards Intuity valve system consists of a bovine 3-leaflet pericardial valve mounted on a balloon-expandable clothcovered frame requiring only 3 sutures placed in the nadirs of each sinus [6] . The valve is based on the supra-annular low-profile design of the Carpentier-Edwards Perimount V R bioprosthesis. The handled delivery system includes the balloon catheter for expansion of the frame in the left ventricular outflow tract, securing the valve in a supra-annular position.
Surgical technique
All patients underwent full median or partial upper sternotomy based on surgeons' preference and the necessity of additional procedures. CPB was established between the ascending aorta and either the right atrium using a 2-stage cannula or cannulation of both venae cavae. Myocardial protection was achieved using either high-potassium cold blood cardioplegia (Buckberg) in an antegrade and/or retrograde fashion or by means of warm blood cardioplegia (Calafiore) depending on the surgeon's preference. In case of combined coronary artery bypass grafting (CABG), coronary anastomoses were fabricated first. A J-shaped aortotomy was performed to access the aortic valve. The aortic valve was then excised, and careful decalcification of the annulus was carried out under direct vision. Excessive decalcification was avoided to prevent annular defects bearing the risk of paravalvular leakage because they may not be sealed properly by the balloon-expandable stent. Measurement of the annular size was performed with the Edwards Intuity sizers. RD-AVR was only performed when sizing was appropriate. In cases with non-circular annulus or when the continuity of the annulus was damaged due to extensive decalcification, a conventional AVR was performed instead. RD-AVR implantation was performed following the manufacturer's recommendations [6] . Three holding sutures were placed into the nadirs of the aortic sinus and passed through the sewing ring of the prosthesis. Hereafter, the valve was placed into position, the holding sutures were secured using stiff tourniquets, and the valve was then deployed by balloon expansion of the stent. After visual control of adequate positioning, the holding sutures were tied down before the closure of aortotomy.
After careful deairing, aortic cross-clamp was then released and weaning from CPB was performed. All patients routinely received temporary epicardial pacing wires. In patients with early postoperative conductance disturbances, decision for PPM was made within 3-5 days depending on the ventricular escape rhythm and threshold of temporary pacing wires as resolution is unlikely if atrioventricular (AV) block occurs within 24 h and persist for >48 h [7] .
Data collection
Data regarding patient demographics, clinical characteristics, perioperative variables and postoperative outcome information were extracted from a computerized database based on the mandatory German Cardiac Surgery Quality Assurance System (https://www.iqtig.de/startseite.html) and the German Aortic Valve Registry (GARY, https://www.aortenklappenregister.de/) [8] . Data were collected during patients' hospital stay and analysed retrospectively. Furthermore, preoperative electrocardiography information was obtained including baseline rhythm, AV block, left anterior hemiblock, left branch bundle block and right branch bundle block. Operative variables included surgical site access (full or partial J-shaped sternotomy), redo surgery, concomitant procedures, number and target of bypass grafts in associated CABG procedures, type of cardioplegia (Buckberg vs Calafiore), CPB and ACC times and size of RD-AVR prosthesis.
Echocardiographic assessment
Prior to discharge from hospital, a transthoracic echocardiography was performed by the cardiology-driven echo lab. Mean and peak transvalvular gradients were assessed. Indexed effective orifice area (EOAI, cm 2 /m 2 ) of aortic valve prosthesis was calculated by prostheses orifice area (cm 2 ) divided by body surface area (m 2 ). An indexed effective orifice area <0.85 cm 2 /m 2 was defined as moderate patient-prosthesis mismatch [9] .
Outcome analysis
The primary outcome variable investigated in this study was the need for PPM following RD-AVR. Patients with documented PPM formed the study group (PPM group), whereas patients without this complication served as the control group (no-PPM group). Other outcome parameters were hospital mortality and morbidities including respiratory failure, renal failure, deep sternal wound infection, bleeding requiring reoperation, gastrointestinal complication, stroke and length of hospital stay.
Statistical analysis
Continuous variables are presented as mean ± standard deviation. Categorical variables are shown as the percentage of the sample. The relationship between preoperative and operative variables and the occurrence of PPM was evaluated in univariable analysis first: the Pearson's v 2 test was used for cross-tabulation statistics of categorical variables. In case of small sample sizes (< _5), the Fisher's exact test was applied instead. Continuous variables were analysed with the Student's t-test or Mann-Whitney U-test depending on normal distribution defined by non-parametric test for independent samples. Stepwise multivariable logistic regression was then performed to assess the influence of these variables as independent risk factors for PPM following RD-AVR. A P-value <0.05 was considered significant for all statistical methods. The statistical analyses were performed with SPSS 24 (IBM, Armonk, NY, USA).
RESULTS
The mean age of the study population was 75.8 ± 5.8 years, and 60% (n = 116) of patients were men. The mean EuroSCORE II predicted mortality was 3.8 ± 4.6%. Table 1 summarizes patient demographics and preoperative risk factors. One or more preoperative conductance abnormalities were seen in 69 (35.8%) patients and included 1st-degree AV block (n = 37, 19.2%), left anterior hemiblock (n = 20, 10.4%), left branch bundle block (n = 11, 5.7%) and right branch bundle block (n = 16, 8.3%) ( Table 2) . Preoperative atrial fibrillation was present in 13 (6.7%) patients.
Isolated RD-AVR was performed in 72 (37%) patients. The remaining 121 (63%) patients underwent combined procedures (Table 3) . ACC and CPB times in the overall RD-AVR population were 57.1 ± 25.1 min and 90.0 ± 40.1 min, respectively. Among patients undergoing isolated RD-AVR, the ACC and CPB times were 39.4 ± 13.5 min and 67.6 ± 24.5 min, respectively (Fig. 1) . The mean prosthesis size employed was 23.4 ± 1.9 mm. The distribution of prostheses sizes is shown in Fig. 2 .
Predictors of permanent pacemaker requirement
Postoperative permanent pacemaker due to AV-block was required in 10.4% (n = 20) of patients. No differences were observed regarding demographic data and premorbid conditions between the groups. Characteristics of patients with or without PPM in univariable analysis are shown in Tables 1 and 4 . Among preoperative conductance disturbances, right branch bundle block was significantly more frequently present in PPM patients compared to the control group in univariable analysis [n = 8/20 (42.9%) vs n = 8/173 (4.9%); P < 0.001]. Preoperative 1st-degree AV block, left anterior hemiblock or left branch bundle block was not associated with PPM in univariable analysis (Tables 2 and 4) . Most patients requiring postoperative PPM underwent combined RD-AVR with CABG (Table 3) . In univariable analysis, PPM patients more likely received grafts to the left anterior descending artery and left circumflex artery (Table 4) . No significant differences were observed regarding surgical access, type of cardioplegia and ACC and CPB times between the PPM group and the control group (Table 3 ). The size of the implanted RD-AVR prosthesis was also not correlated with the rate of PPM (Fig. 2) .
Stepwise multivariable logistic regression analysis revealed bypass grafting of the left circumflex artery as operative predictor for the occurrence of PPM (Table 4) . Among preoperative variables, the presence of preoperative right branch bundle block was the only predictor for the occurrence of this complication following RD-AVR.
Secondary outcome parameters
The mortality rate among the study population was 2.1% (n = 4) and not different between the study and control group. The rate and distribution of operative morbidities are depicted in Table 5 . The mean length of stay was 8.8 ± 8.1 days and not different between the groups (PPM group 7.9 ± 10.2 days, no-PPM group 8.9 ± 7.8 days; P = 0.578). Discharge echocardiography revealed mean and peak gradients of 9.4 ± 4.8 mmHg and 17.6 ± 8.9 mmHg, respectively. The mean effective orifice area was 2.1 ± 0.2 cm 
DISCUSSION
The results of our study suggest that RD-AVR can be performed safe and efficiently in patients with aortic stenosis with or without concomitant cardiac procedures. Utilization of RD-AVR led to considerably low complication rates and excellent haemodynamic results in a contemporary patient cohort.
One concern regarding RD-AVR with the Intuity valve system and other sutureless devices such as the Perceval S V R has been the increased rate of PPM requirement. For conventional AVR, the PPM rate ranges between 3% and 8% [10] . However, the PPM rate is significantly higher in patients undergoing TAVR (up to 30%) [11] , mainly due to the technical aspect of expanding the TAVR device without removing the calcified native valve. At our own institution, PPM rate following conventional AVR and TAVI during study period was 4.2% and 10.7%, respectively. Considering that rapid-deployment and sutureless valves also compete with TAVR, the requirement of PPM should be lower for these devices than that achieved with TAVR [12] . For sutureless valves based on self-expendable nitinol frames, pacemaker implantation rates range between 7% and 17% [13, 14] . Folliguet et al. [13] reported their experience with the Perceval S from a multicentre trial involving 208 patients undergoing isolated AVR or AVR/CABG, of which 16 (7%) patients required PPM after valve implantation. A higher PPM rate (17%) was described by Forcillo et al. [14] who compared a cohort of 76 patients receiving the Perceval S to 319 conventional AVR patients (8%). And more recently, Vogt et al. [5] have analysed their patient collective receiving sutureless AVR and reported a PPM rate of 10.5%. These authors found the presence of right bundle branch block to be an independent risk factor for this complication. Similarly, in a recent report from the TRANSFORM trial, a multicentre RD-AVR study with the Intuity valve from 29 centres in the USA, Barnhart et al. [4] have also reported a higher PPM rate (11.9%) following isolated RD-AVR. These authors have also associated preoperative rhythm disturbances, particularly complete right bundle branch block with the occurrence of PPM. These results are in concordance with our finding of a PPM rate of 10.4%. In line with Vogt et al. [5] and Barnhart et al. [4] , we also identified preoperative right branch bundle block as strong predictor for the occurrence of postoperative conductance disturbance requiring PPM following RD-AVR.
Several reasons have been postulated for the occurrence of PPM in the AVR patient population. First, it is known for decades that aortic valve disease itself is associated with conductance abnormalities, particularly higher grades of AV block [10] , which can be aggravated due to surgical intervention. The close relationship of the aortic annulus to the conducting tissue potentially leads to direct surgical damage during valve excision and decalcification as well as by the sutures required for conventional AVR. In regard of suturing, it has been shown that lower PPM rates can be achieved with interrupted sutures compared to continuous suturing [15] . Another important factor for PPM following AVR may be mechanical strain from the frame of stented prostheses on the conduction system [16] . This is particularly the case in TAVR, where the annulus is not decalcified at all and the native valve is moved towards the annulus by the expandable frame. While valve excision and decalcification in RD-AVR patients is performed in a similar manner than for conventional AVR, less sutures are required in RD-AVR, and therefore, the risk of PPM from direct surgical damage should actually be lower. However, there are some technical aspects of RD-AVR compared to conventional AVR, which may abolish the benefit of less suturing. For RD-AVR, where no pledget sutures are required, the balloonexpandable frame requires a relatively tight fit before inflation, and therefore, surgeons may tend to choose the larger prostheses in borderline between the 2 sizes. Accordingly, we have already shown that RD-AVR patients receive larger prostheses compared to conventional AVR patients. In this other study from our institution, 163 RD-AVR (Edwards Intuity) patients received significantly larger prostheses (23.3 ± 1.8 mm) compared to a propensity-matched cohort of conventional AVR (Edwards Perimount) patients (22.8 ± 1.5 mm; P = 0.002) leading to significantly better haemodynamic results [3] . In addition to larger prosthesis size, another aspect of increased PPM risk following RD-AVR may be the balloon-expandable frame, which is ideally positioned in the subvalvular area of the left ventricular outflow tract. Once expanded, the outflow tract might be 'opened' leading to less turbulences and thus better haemodynamic performance [17] . This effect is beneficial in most cases because it allows optimal ratio between the annulus size and effective valve orifice area reducing the risk of patient-prosthesis mismatch, particularly in patients with small aortic roots. However, in some instances, particularly in heavily calcified sinutubular junctions, sizing and deployment of RD-AVR valves may be difficult and requires special caution in order to achieve adequate results [18] . If the annulus is not cylindrical or defects are seen following decalcification, conventional AVR may be a better approach because its multiple sutures allows conforming the annulus to the shape of the sewing ring avoiding paravalvular leakage. Moreover, the deployment technique of RD-AVR may also bear the risk of conductance disturbances due to mechanical interaction of the frame with the conductance tissue. A similar mechanism can be assumed in sutureless valves with their self-expandable nitinol stent, which requires exact positioning in the outflow tract to reduce the risk of PPM [19] . However, in our study, the majority of PPMs was observed in the subset of patients undergoing combined RD-AVR/CABG procedures (14.9%). Accordingly, our multivariable regression analysis revealed bypass grafting of the circumflex artery territory as another independent predictor for PPM following RD-AVR. It is known that AV nodal ischaemia may lead to AV block in patients with relevant coronary artery disease, particularly following right coronary arterial infarction while the role of atrial ischaemia in the pathophysiology of AV block remains uncertain. However, as shown by Tjandrawidjaja et al. [20] , compromise of at least 1 principal atrial branch is associated with a higher incidence of both early atrial arrhythmias and early AV block in patients with myocardial infarction. Given the fact that the left atrial artery origins from the circumflex artery, compromised blood flow proximal from bypass insertion following CABG may increase the risk of relevant conductance disturbance in RD-AVR/CABG patients. However, our study was not designed to provide detailed information regarding the blood supply of structures of the conductance system.
In our subgroup of patients receiving isolated RD-AVR, however, the PPM rate was only 2.8%. This is consistent with other reports focusing on RD-AVR, where PPM rates between 4% and 7% have been described [6, 21] . Despite the potential risk of PPM in patients undergoing combined procedures with CABG, it can be assumed that RD-AVR, in contrast to TAVR, provides considerably lower pacemaker requirement rates, mainly due to the deployment under direct vision after annular decalcification, thus more likely avoiding negative impact on the AV conduction tissue compared to TAVR.
Nevertheless, as also recommended by Vogt et al. [5] , the presence of preoperative rhythm disturbance, such as right bundle branch block, should imply additional surgical precautions in terms of avoiding postoperative conduction disorders particularly in patients undergoing combined RD-AVR/CABG procedures involving the circumflex artery. Particularly in these patients, extensive annular debridement should be avoided, and if necessary, conventional AVR may be performed instead. However, we generally accept a higher PPM risk considering the benefits of less annular suturing, haemodynamic performance and shorter procedure times.
Another important aspect of RD-AVR, also supported by a study from our group, is the reduced procedure time with shorter CPB and cross-clamp times compared to conventional AVR, particularly in patients undergoing combined procedures [3] . Both parameters are well-known risk factors for adverse outcomes following cardiac surgery in general [22] [23] [24] , and therefore, cardiac surgeons always endeavour to keep them as short as possible. Other authors have also shown that RD-AVR may facilitate reduced CPB and cross-clamp times. Andreas et al. [17] from the Vienna group have published their experience of RD-AVR implantation compared to the conventional Perimount Magna V R valve and have also shown significantly shorter CPB and cross-clamp times in RD-AVR patients compared to conventional AVR in the subset of patients undergoing full sternotomy AVR. In addition, Borger et al. [25] have reported results from the CADENCE-MIS study, a prospective, randomized, multicentre trial comparing minimally invasive RD-AVR via upper hemisternotomy with conventional AVR via full sternotomy using conventional stented valves. In their experience, cross-clamp times were also significantly shorter in the RD-AVR group, despite the potentially time-consuming minimally invasive approach [25] . All these findings together with our own results suggest that RD-AVR can significantly reduce patients' risk due to prolonged myocardial ischaemia and extracorporeal perfusion time, a fact that becomes even more important in patients requiring combined procedures such as CABG or in the growing number of patients referred for minimally invasive surgical AVR.
Limitations
This study has certain limitations. It is a non-randomized retrospective analysis among a relatively small cohort of patients from a single centre, and therefore, conclusions are necessarily limited in their application. Performing a multivariable regression analysis with only 20 events may result in limited statistical power when detecting independent predictors for PPM. Our study did not examine some previously reported risk factors for the occurrence of PPM, for example degree of annular calcification. Due to its retrospective design, the study also lacks detailed echocardiographic data and anatomical information regarding the aortic annulus. Likewise, we do not provide information regarding intention-to-treat patients that did not receive a RD-AVR. Furthermore, information on PPM requirement only captured inhospital stay, and we do not provide information on later onset of conductance disturbance or return of regular rhythm following discharge. Nevertheless, the study includes a recent and consecutive cohort of patients who underwent RD-AVR and our analysis takes into consideration several preoperative characteristics and risk factors including rhythm conductance abnormalities.
CONCLUSIONS
In summary, our results suggest that RD-AVR is a safe and simple procedure, and according to other studies, we have shown the potential power of balloon-expandable valves resulting in favourable short ACC and CPB times and considerable low gradients in postoperative echocardiography. Widening the outflow tract while avoiding pledgeted sutures potentially reduces the risk of patient-prosthesis mismatch, which was not seen in this series. Furthermore, RD-AVR facilitates procedures through minimally invasive access; however, this was not further analysed in this study. On the other hand, RD-AVR procedures bear some potential drawbacks due to valve implantation technique such as PPM, paravalvular leakage and, in seldom cases, annular rupture or valve dislocation. However, the latter 3 did not occur in our patient population. In our experience, PPM requirement following isolated RD-AVR remains in the range as described for standard AVR. However, patients undergoing concomitant CABG, particularly of the circumflex artery, are prone to a 3-fold increased risk for the need of PPM, and the presence of preoperative right branch bundle block furthermore enhances this risk. In these patients, especial precaution is required when choosing a balloonexpandable or self-expandable prosthesis. Nevertheless, followup examination is necessary to determine whether these patients remain pacer dependent during long-term follow-up.
